In Brazil, and mainly in the State of Bahia, crude vegetable oils are widely used in the preparation of food. Street stalls, restaurants and canteens make a great use of palm oil and soybean oil. There is also some use of castor oil, which is widely cultivated in the Sertão Region (within the State of Bahia), and widely applied in industry. This massive use in food preparation leads to a huge amount of waste oil of different types, which needs either to be properly disposed of, or recovered. At the Laboratorio Energia e Gas-LEN (Energy & Gas lab.) of the Universidade Federal da Bahia, a cycle of experiments were carried out to evaluate the recovery of waste oils for biodiesel production. The experiences were carried out on a laboratory scale and, in a semi-industrial pilot plant using waste oils of different qualities. In the transesterification process, applied waste vegetable oils were reacted with methanol with the support of a basic catalyst, such as NaOH or KOH. The conversion rate settled at between 81% and 85% (in weight). The most suitable molar ratio of waste oils to alcohol was 1:6, and the amount of catalyst required was 0.5% (of the weight of the incoming oil), in the case of NaOH, and 1%, in case of KOH.
Introduction
The increasing production of waste frying oils (WFOs) from household and industrial sources is a growing problem in Brazil and throughout the world. This residue is regularly poured down the drains, which results in problems for sewerage and wastewater treatment plants (Vaccari et al., 2012) . In some cases, it is introduced into the food chain, through animal feed, and thus becomes a potential cause of human health problems (Felizardo et al., 2006; Costa Neto et al., 2000) . As an interesting alternative, WFOs could be converted into biodiesel, a renewable fuel for diesel engines, instead of mineral diesel. This solution is widely supported by Brazilian Governement inside his wide program (Biodiesel Production and Use Program, BPUP) in favor of renewable energies and specifically by the biodiesel program mainly addressed for energy selfsustaining of isolated rural communities (Langevin, 2010) .
As it comes from a renewable source, biodiesel has many environmental advantages over mineral diesel. Furthermore, its use leads to a reduced danger of fire due to its high flash point (commonly between 100°C and 210°C), while the flash point of mineral diesel is remarkably low, around 50°C (Sharma et al., 2008) .
Biodiesel is normally produced by a catalyzed transesterification process of a vegetable oil or animal fat, such as beef tallow (Sabudak and Yildiz, 2010) , with a short-chain alcohol as the reagent. There are more than 350 species of oil crop in the world: castor, rapeseed, sunflower, soybean, palm, etc. Only some of these are conveniently used for biodiesel production due to the specific productivity and the local climate; in the USA, soybean is the most commonly used, while in Europe, rapeseed is the favorite. In Brazil, at present, industrial production primarily uses soybean and palm oil. In general, the current trend of using monocultures for biofuels production should be corrected, and Brazil might benefit particularly, due to its vast biodiversity.
The most commonly used alcohol is methanol, which is normally obtained from mineral oil; ethanol is a potential alternative source that may be produced from a renewable source (i.e. sugarcane in Brazil). Catalysts are acid/basic or enzymatic, and catalysis is homogeneous or heterogeneous (Ribeiro et al., 2007 The choice of catalyst depends on the free fatty acid (FFA) level in the oil. The FFA concentration should not exceed a specific level, in the case of alkaline catalysis. According to some authors (Canaki and Van Gerpen, 2001) , the maximum oil acidity should not exceed 3%, if 6 mg KOH g À1 of catalyst is to be used. Alkaline catalysis is also very sensitive to water content; in spite of these disadvantages, alkaline catalysis guarantees a good rate of conversion, and is quicker and less corrosive than acidic catalysis (Marchetti et al., 2007) .
The main problem in processing waste oils, as opposed to fresh vegetable oils, lies in the fact that they are a sum of small quantities, each of which has a significantly different quality. This characteristic is generally considered detrimental for an acceptable level of conversion to biodiesel.
In this experience, biodiesel production effectively relied on a transesterification process of waste vegetable oil, with methanol supporting the reaction, with a basic catalyst, such as NaOH or KOH. The conversion rate (in terms of weight) was between 81% and 85%.
The greatest problem that arose during the production process arose because of the acidity of waste vegetable oils. The high acidity level led to a lower rate of biodiesel production (lowest production rate of 11.61%, with acid value of 7.5) although an acidity neutralization step (with KOH) was introduced in the production process.
The best processing rate was obtained with an oil/methanol ratio (in moles) of 1/6, using KOH as the catalyst, with a proportion of 1% (in weight) of the processed oil.
Materials and methods

The UFBA pilot plant
The UFBA (Universidade Federal da Bahia -Federal University of Bahia) Biodiesel Group contains more than sixty people, including lecturers, technicians, researchers, students, Ph.D. fellows, and others, who work to develop a variety of projects, together with Brazilian Promotion Agencies, Companies (Petrobras, IBR, BomBrasil) and other Brazilian and foreign Universities, such as the Dept. of Science and High Technology at the University of Insubria (Italy).
In collaboration with the University of Insubria, these researchers developed a multi-year research program on biodiesel production, which investigated the whole production chain, gaining a great deal of experience in all of the different phases of production: transesterification reactions, both on a lab scale and in the pilot plant; chemical analysis; the study of chemical reactions and the characterization of vehicle emissions.
Thus, the Federal university is contributing to scaling up new approaches that have been developed for the preparation of biodiesel, the testing of new fuels and blends in engines (stationary and vehicle), the evaluation of the consumption of the engine and its components, the study of photo-chemical reactions that involve the exhaust gases, the analysis and definition of the specifications of raw materials, blends and by-products, by means of new ways of exploiting the reuse of glycerine.
A pilot (semi-industrial) plant for biodiesel production was installed on the site of the university (built at the end of the 1990's, with a contribution from the University of Insubria, and financial support from the Region of Lombardy, Italy). The plant is designed to produce 10,000 cubic meters of biodiesel/year from animal fats and waste oils collected from different sites. Fig. 1 is a view of the biodiesel production plant.
The main steps for producing biodiesel in the plant are as follows: oil treatment (neutralization and thermal drying), alcoholcatalyst mixing, transesterification reaction, decanting, glycerine separation, biodiesel washing and drying. The process is shown in Fig. 2. 
Lab tests for biodiesel production
Prior to the pilot-scale application, biodiesel production was tested on a lab scale. Once the lab test had produced some biodiesel, the product was tested to confirm that it complied with the Brazilian technical standards established by the ANP (Agencia National do Petroleo, Gas natural e Biocombustiveis). After this phase, the optimized process was replicated in the pilot plant.
The fuel produced was tested at the Energy and Gas Lab (LEN) of the Federal University, in accordance with ANP-approved methods.
Fourteen biodiesel production tests (on different oil samples) were developed on a lab scale, using three different molar ratios for oil to alcohol: 1-4; 1-5; 1-6. KOH and NaOH were used as catalysts, with concentrations of 1% and 0.5%, respectively.
Analytic parameter for biodiesel quality and methods
The parameters analyzed for evaluating biodiesel quality, and the related methods were as follows: 
Results and discussion
Lab tests for biodiesel production
The results obtained with the laboratory tests are shown in Tables 1-3, below. Several tests showed that the maximum acceptable oil acid value for producing methyl esters, in accordance with ANP standards, is 3 mg KOH g À1 of oil. Values exceeding this limit lead to saponification reactions, which compromise the biodiesel production. In these cases, it was necessary to include a neutralization stage beforehand, to remove the undesired excess acidity. Tables 1-3 show that the maximum registered oil acid value was 2.5 mg KOH g À1 oil, while the mean was 1.79 mg KOH g À1 oil. These values may be considered satisfactory, as they are in line with ANP standards, and at the same time, allow minimizing the rate of saponification in the transesterification reaction. These tables also highlight the acid value of the biodiesel produced. ANP Resolution No. 042 specifies that the maximum acceptable value for biodiesel is 0.8 mg KOH g À1 of oil. The results show that, in just two cases, the recorded values were close to the upper limit, but complied with the ANP standard, with a mean value of 0.49 mg KOH g À1 . The kinematic viscosity was checked using a specific device, at a temperature of 40°C, as required by ANP technical specifications, and expressed in cSt. Table 2 shows how, in three cases, the viscosity values were slightly over the limit of 7 cSt, set by the standards. This value is the maximum allowed to maintain a lubrication level that will not damage the engine. The three samples with results above the threshold were obtained with the 1:5 ratio of oil to alcohol, and two of them came from oils with very high acid values and were produced with NaOH as the catalyst.
From chromatographic analysis, tests with the molar ratio 1:6 show levels of mono-and diglycerides that fully comply with the ANP limits, while the triglycerides appear to be a little over this limit (max 0.103% of total mass) in one test (test 2). The tests with the molar ratio of 1:5 show mono-and diglyceride values that generally comply with the standards except test 12 which gave a result over the limit for diglycerides. At the same time, in test No. 6 the triglyceride value was over the limit. With the third ratio (1:4), the results obtained (test 13) were satisfactory for monoglycerides and diglycerides, while the triglyceride value was over the limit.
The results show with evidence that the quality of biodiesel produced is strongly influenced by raw oils acidity as well as oil/ alcohol molar ratio and also catalyst. High oils acidity and low molar ratios can be a main cause of poor quality (high biodiesel acidity; high content of diglycerides and triglycerides; high kinematic viscosity).
A high mono-, di-or triglyceride value in biodiesel may lead to complications due to the deposition of fats, clogging of the filter, and deterioration of the fuel.
Biodiesel production in a pilot plant
On a pilot-plant scale, six batch tests were done, using a 1:4 oil to alcohol molar ratio, waste oil and fats; KOH and NaOH were used as catalysts, in proportions of 1% and 0.5%, respectively, of the starting quantity of oil. Table 4 shows that, in only one case, the recorded glycerine production was high, considering that in industrial practice, the maximum convenience level is of the order of 14-18%, which corresponds to a minimum biodiesel production value of 85-82%. The resulting acid value should be considered optimum, with a mean value of 0.4924 mg KOH g
À1
, with the exception of test 1, which had a value of 1.16 mg KOH g À1 , which was above the maximum allowed. Table 4 shows that, in two cases (tests 1 and 6), the glycerine value was slightly higher than the limit considered as acceptable, while in only one case was recorded significantly high (test 4). The resulting acid value should be considered optimum, with a mean value of 0.4924 mg KOH g
, with the exception of test 1, which had a value of 1.16 mg KOH g À1 , which was above the maximum allowed.
The kinematic viscosity @ 40°C was over the limit (7 cSt) in only test 4, where a value of 10.5 cSt was recorded, and the mean value was 6.226 cSt. Regarding the flash point, all tests gave acceptable results, as in all cases, the values recorded were over 100°C, with a mean of 176°C.
Chromatographic analysis (Table 5) shows optimum values for mono-and diglycerides, but unacceptable results were obtained for triglycerides, because all the values were above the ANP limits, with the exception of tests 2 and 3. The recorded mean value was 0.211557%. A high free fatty acid value is the symptom of an incomplete reaction, because almost all the triglycerides have to be esterified, leaving a maximum of 0.103% of triglycerides unreacted. As mentioned above, a high FFA level may even lead to engine damage, clogging of the filter and deterioration of the fuel. Table 6 shows the results of tests 2 and 3, which complied fully with 042/ANP standards.
As mentioned, all the tests carried out by the UFBA pilot plant used waste oils and fats collected from hospitals, restaurants, street food stalls and hotels in the Bahia region, processed with methanol (1:4 oil to alcohol molar ratio), and with KOH, and alternatively NaOH as catalysts. KOH was used in tests 1 and 2, NaOH in test 3. Tests 2 and 3 obtained results that complied fully with the ANP standard.
As a comment, the results obtained by the pilot plant experience are not fully satisfactory. The poor quality of the biodiesel produced in some tests can reasonably be ascribed to the high acidity level of crude vegetable oil and to the molar ratio oil/ alcohol. Therefore, new tests were prepared in order to produce fully compliant biodiesel, in the UFBA pilot plant. As a preliminary step another production test, with a molar ratio of 1:6, was carried out, and it gave satisfactory results, as shown in Table 7 .
Looking at the values in Table 7 , it is clear that all the parameters, with the exception of sulfated ash, are in accordance with ANP standards; this shows that this molar ratio (1:6) appears to be more efficient than the previous one (1:4).
This molar ratio (1:6) was then established as the operating condition for the pilot plant, and more than 4000 liters of biodiesel that complied fully with the ANP resolution was prepared and stored on the plant site.
Conclusions
The experience demonstrated that the raw material (waste oils and fats) used for biodiesel production was of sufficiently good quality, and in only a few cases, neutralization (addition of hydroxide) was required, beforehand, to reduce its acidity.
The analysis of the formation of methyl esters in the lab scale tests was done using the acid value, kinematic viscosity, monoglycerides, diglycerides, triglycerides, free glycerine, total glycerine, clearness and conversion yield.
The lab tests showed how the quantity of glycerine separated during the decanting phase had a notable influence on the final biofuel yield; that is to say, decanting is a critical stage in the production process.
According also to the lab tests, the most suitable molar ratio of waste oils to alcohol was 1:6, and the amount of catalyst required was 0.5%, in the case of NaOH, and 1%, in case of KOH. Both these percentages are with respect to the amount of incoming oil.
The analytical results obtained on the biodiesel produced on the pilot-scale agreed with the lab-scale tests. The biodiesel produced proved to be in line with technical specifications and to be suitable for running diesel engines. As found on the lab scale, the biodiesel produced by the pilot plant contained approximately 90% methyl esters, and the smaller the amount of glycerine formed, the bigger the ester yield. This confirms that the removal of glycerine is critical in the production process.
